The tunability of electronic and optical properties of semiconductor nanocrystal quantum dots (QDs) has been an important subject in nanotechnology. While control of the emission property of QDs in wavelength has been studied extensively, control of the emission lifetime of QDs has not been explored in depth. In this report, ZnO-CdS core-shell QDs were synthesized in a two-step process, in which we initially synthesized ZnO core particles, and then stepwise slow growth of CdS shells followed. The coating of a CdS shell on a ZnO core increased the exciton lifetime more than 100 times that of the core ZnO QD, and the lifetime was further extended as the thickness of shell increased. This long electron-hole recombination lifetime is due to a unique staggered band alignment between the ZnO core and CdS shell, so-called type II band alignment, where the carrier excitation holes and electrons are spatially separated at the core and shell, and the exciton lifetime becomes extremely sensitive to the thickness of the shell. Here, we demonstrated that the emission lifetime becomes controllable with the thickness of the shell in ZnO-CdS core-shell QDs. The longer excitonic lifetime of type II QDs could be beneficial in fluorescence-based sensors, medical imaging, solar cells photovoltaics, and lasers.
Introduction
The tunability of electronic and optical properties of semiconductor nanocrystal quantum dots (QDs) has been an important subject in nanotechnology because of their promising applications in solar cells, 1 light emitters, 2 biotags, 3 and biosensing. 4 To further control these properties precisely, heterostructured or core-shell QDs have been developed. For example, coatings on CdSe QDs with CdS 5 or ZnS 6 shells resulted in greatly enhanced fluorescence quantum yield and photochemical stability due to the electron and hole confinement to the core. While the control of the emission property of QDs in wavelength has been studied extensively, the control of the emission lifetime of QDs has not been explored in depth. While emission lifetime control is difficult for most core-shell QDs, one can slow the recombination between the two carriers if the band structure between the core and the shell materials is staggered and one photogenerated carrier is predominantly confined to the core and the other is located in the shell ( Figure  1 ). In this so-called type II QD system, the longer exciton lifetime arises from the decreased wave function overlaps between holes and electrons, and the emission lifetime becomes extremely sensitive to the thickness of the shell. Here, we demonstrated that indeed the increase of the shell thickness of a ZnO-CdS core-shell QD could increase its exciton lifetime. The longer excitonic lifetime of type II QDs could be beneficial in fluorescence-based sensors, medical imaging, solar cells photovoltaics, and lasers. 7, 8 Furthermore, the type II heterostructured QDs suppress the Auger recombination, 9-11 which is highly desirable for nanoparticle-based optoelectronic devices. 12, 13 In addition, the number of reports for type II core-shell QD systems with visible absorption and emission is relatively small, [14] [15] [16] [17] [18] [19] and it is very useful to increase the lineups of core-shell type II QDs, which will enable one to choose desired physical properties such as absorption, emission, and excitonic lifetime in a wide range, so that the type II QDs could be applied more broadly to improve energy storage, photovoltaic devices, and catalysis. To meet this thirst for QD development, we explored type II QDs with ZnO cores for visible absorption. The exciton lifetime of the core-shell ZnO-CdS QDs was at least 100 times greater than the typical type I QDs, and the exciton lifetime further increased as the coating thickness of the CdS shell on a ZnO core increased.
Experimental Section
Synthesis of ZnO-CdS Core-Shell QDs. Trioctylphosphine oxide (TOPO, 90% pure), trioctylphosphine (TOP, 95% pure), and hexadecylamine (HAD, 99% pure) were obtained from Sigma Aldrich and Fluka, respectively. Dimethylcadmium (CdMe 2 ) and diethylzinc (ZnEt 2 ) were purchased from Strem and Fluka, respectively, and both chemicals were filtered * To whom correspondence should be addressed. E-mail: hmatsui@ hunter.cuny.edu, Igor.Kuskovsky@qc.cuny.edu.
† The City University of New York -Hunter College. ‡ Brookhaven National Laboratory (BNL). § The City University of New York -Queens College. separately through a 0.2 µm filter in a glovebox. Hexamethyldisilathiane [(TMS) 2 S)] was used as purchased from Fluka. Anhydrous hexane and methanol were purchased from Sigma Aldrich. The ZnO core nanoparticles from Zn(Et) 2 were synthesized according to the method previously reported by Guyot-Sionnest and co-workers. 20 The zinc precursor solution was prepared in a glovebox by dissolving 150 µL of Zn(Et) 2 in 4 mL of decane and then injected into 4 mL of octylamine degassed by bubbling with O 2 for about 1 h. This mixture was bubbled with O 2 for another 5 min and injected into 6 g of TOPO at 200°C under N 2 flow and left for 12 h. The reaction mixture was allowed to cool to 160-180°C for the growth of the ZnO NPs. To grow larger size particles, larger amounts of Zn-O precursors can be added. Adjusting the growth time, controlled by the termination of the reaction upon cooling, was also employed to change the size of ZnO NPs. Then, ZnO NPs were precipitated from the growth solution by adding methanol, and the precipitated ZnO NPs (∼100 mg) were dispersed in TOPO (7.5 g) and HDA (4 g) at 100°C. For the CdS growth around the ZnO core, 150 µL of (TMS) 2 S and 35 µL of Cd (Me) 2 were dissolved in 4 mL of TOP in a glovebox, and then this mixture was added drop-wise into the reaction flask containing the ZnO core nanoparticles at 140°C. This dropwise injection of precursors is very important to slow the ionexchange reaction between Zn-O ions and Cd-S ions through the surface of ZnO core NPs because the CdS exchange process is so fast that the ZnO core cannot survive without slowing the shell growth reaction. It should also be noted that because of this relatively fast CdS reaction the concentration of ZnO NPs was very sensitive to influencing the yield of the resulting ZnOCdS core-shell QDs. Then, the resulting core-shell QDs were annealed at 110°C for 24 and 48 h, while the annealing time between 24 and 48 h did not make a significant difference in the emission properties of the resulting crystals. Obtained QDs were precipitated by adding methanol and dispersed in hexane for further optical measurements. This two-step coating approach was effective to avoid the formation of alloyed nanoparticles at 200-240°C. 21 The use of these organometallic precursors also assisted robust nucleations of the core and shell to decompose them at a relatively low temperature.
Analysis of QDs. HRTEM images and SAED patterns were recorded with a JEOL3000F microscope operating at 300 keV, equipped with a field emission gun and installed at Brookhaven National Laboratory. Point resolution of the JEOL3000F microscope is ∼1.55 Å. Nanoarea EDX analysis was performed using a Thermo Noran EDX system attached to the JEOL3000F microscope. X-ray microanalysis for composition studies at nanoscale was carried out with a Si (Li) detector using a Vantage 2.4 digital pulse processor and Vista 2.3 microanalysis software. Optical absorption (OA) spectra were recorded by a Cary 50 Probe UV-vis spectrophotometer in the wavelength range of 300-600 nm, and photoluminescence (PL) emission spectra were recorded by a Jobin Yvon-Spex Fluorolog spectrophotometer. Time-resolved PL studies were performed with a Jobin Yvon FluoroMax-3, using a time correlated single-photon counting system with a 310 nm nano-LED as an excitation source. This system allows time resolution of <1 ns. All measurements were performed at room temperature.
Results and Discussion
To grow core-shell ZnO-CdS QDs, CdS shells were grown on the ZnO nanoparticles by applying the stepwise reaction processes between (TMS) 2 S and CdMe 2 . CdS shell growth on the ZnO core could be accomplished by the slow ion-exchange reaction between ZnO and CdS on the surface of ZnO NPs. Further stabilization of the CdS shell growth was accomplished by exchanging (TMS) 2 S with more stable capping agents, octylamine, TOPO, and TOP. The thickness of the CdS shell was controlled by the amount of precursors and subsequent annealing process. The band alignment between the core of ZnO and the shell of CdS is summarized in Figure 1 . 22 When the photogenerated electrons will be confined within the ZnO core and holes will be located in the CdS shell, their recombination is significantly slowed by this band alignment. Figure 2a presents the TEM image of ZnO NPs. The average diameter of NPs is 5.0 nm with a standard deviation of 0.4 nm, as measured from calibrated high-magnification TEM images and directly from high-resolution (HR-TEM) lattice images for several dozens of NP groups dispersed on 3 mm diameter Cugrids for 20 samples. The electron diffraction pattern in Figure  2b reveals that ZnO NPs possess a hexagonal structure as all the diffraction rings could be indexed using a hexagonal lattice. The (hkl) indices of the diffraction rings, starting from internal ring to outside, are matched to (100), (002), (101), (102), (110), (103), and (112) planes of the wurtzite ZnO structure. Figure  2c shows TEM images of ZnO-CdS core-shell QDs, and their average diameter is 5.0 nm. Here, it is interesting to observe that the size of ZnO-CdS core-shell QDs is similar to that of ZnO core NPs. This unchanged size between the core NPs and resulting core-shell QDs could indicate that Cd-S ions replace Zn-O ions by the kinetically controlled substitution ionexchange reaction at the ZnO core surface to form CdS shells rather than building CdS coating layers over a ZnO core. It should be noted that the similar replacement of atoms between Cd and Ag was observed in CdSe QDs. 23 The electronic diffraction pattern in the inset of Figure 2c matches most of hexagonal CdS lattice d-spacings with a slight lattice shift toward ZnO. This observation supports our hypothesis, and it shows that the crystalline structure of core-shell ZnO-CdS QDs matches the hexagonal CdS, which is not its native structure. Under this hypothesis, it is reasonable that the CdS shell inherits the hexagonal structure of the ZnO core because Cd-S ions replace Zn-O ions of the core where the structure is hexagonal. In the inset of Figure 2c , lattice fringes are clearly observed in the high-resolution TEM images of the core-shell sample, and these fringes persist throughout the entire nanocrystal, indicating the dislocation-free epitaxial growth with full elastic crystalline lattice matching between the core and shell compositions. Because the lattice mismatch between the core and shell is too small in ZnO-CdS QDs to resolve them clearly in HRTEM, in the next paragraphs, these QDs are firmly verified to be neither a homogeneous alloy of CdS and ZnO nor pure hexagonal CdS NPs by their energy disperse X-ray spectrum and photoluminescence lifetime study.
To confirm that these core-shell QDs consist of ZnO and CdS, we analyzed them with local X-ray emission using a EDS Thermo-Noran system, equipped with a X-ray Si(Li) detector attached to a JEOL3000F microscope. Using the smallest condensor aperture, all X-ray data for NPs were acquired in special nanoarea illumination (probe size ∼20 nm) highresolution imaging mode, which allowed for HR-TEM imaging and parallel X-ray data recording in a random search for single NPs observed within the focused nanoprobe image (Figure 3 ).
The X-ray spectrum shows ZnK R1 , ZnK 1 , OK R , SK R , CdL 1 , and CdL 2 lines, recorded by using the focused electron beam probe, which represents an accurate result for a single QD. It should be noted that this spectrum is reproducibly consistent among 50 different particles and even with larger QDs formed by aggregating 3-4 NPs. The ratio of peak intensities between Cd-S and Zn-O in this core-shell QD was 1:0.4 on average, determined from relative X-ray peak intensities by using Vista 2.3 microanalysis software and thin correction. This ratio indicates that the CdS shell has a larger size and relative weight as compared to the ZnO core in the QD. The dominant weight of a CdS shell from the X-ray spectrum is consistent with the diffraction pattern for ZnO-CdS QD in Figure 2c , where diffraction is also dominated by the hexagonal CdS-like phase.
While all TEM and EDS results indicate that these QDs consist of a ZnO core and CdS shell, a distinct crystalline boundary between the core and shell is difficult to resolve because of the very small lattice mismatch in homomorphic epitaxial heterostructures between wurtzite ZnO and CdS (<7% in bulk). Therefore, whether the core-shell QDs produce p-n heterojunctions for the type II band structure offset or create a random alloy with no band structure offset, can be best addressed by direct optical measurements and exciton lifetime measurements for ZnO-CdS QDs. In Figure 4a , ZnO NPs exhibit typical absorption spectra for type I QDs with an excitonic peak at ∼355 nm (3.49 eV), and a similar absorption band was observed by other groups. 24 When ZnO NPs were coated by CdS shells, the distinctive absorption edge for the type I ZnO cores was replaced by a relatively smooth tail with a small shoulder observed at ∼450 nm. This is a characteristic spectral signature of the type II QDs because the absorption of type II QDs is effectively suppressed with a peak broadening in their spectra as compared to the type I QDs due to the weaker oscillator strength with a decrease in wave function overlap caused by the indirect spatial nature of long-lived exciton and larger variation of transition energies. 25 Therefore, the spectrum of QDs in Figure 4a is consistent with the spectral feature for the characteristic type II QD heterostructure. 17, 19, 20, 26 The photoluminescence (PL) peak of the core-shell QD appears at 468 nm in Figure 4b , and the PL peak was red-shifted with the thickness of the CdS shell (Supporting Information). If these ZnO NPs were not coated by CdS shells, PL peaks and absorption edges of pure ZnO should have been observed in this spectrum. Therefore, the lack of these combination peaks in Figure 4b also supports the formation of core-shell QDs. For the type II core-shell QDs, the electron-hole recombination energy is significantly reduced because of the core-shell structure (Figure 1) , even though the influence of NP size confinement to the band gap energy is taken into account. Therefore, the red shift of the PL peak from 383 to 468 nm is consistent with the core-shell formation. It should be noted that when the CdS precursors were not added to the solution of the core NPs in the dropwise manner and the growth speed of the shell was increased, the PL peak and absorption peak of resulting QDs was shifted back to the 485 and 470 nm, respectively, corresponding to the spectral positions of neat CdS. 27 At this point, the ion-exchange reaction between Zn-O and Cd-S was completed under this fast growth condition, and the consumption of the core resulted in producing pure CdS NPs.
As discussed above, in general, for core-shell nanoparticles with a diameter less than 10 nm, the core is very difficult to distinguish from the shell by TEM and diffraction because the lattices of the core and shell are matching very closely. To firmly verify the type II characteristics of this core-shell QD, we compared the PL lifetimes of the ZnO-CdS core-shell QDs with different thicknesses of the CdS shell as shown in Figure  5 . The diameter of each core-shell QD is labeled for the corresponding spectrum, and the shell thickness is assumed to proportionally increase with the diameter of the QD as long as the core maintains the original size or less during the shell growth on the core. Typically, the PL lifetime of type II QDs becomes longer as the shell thickness increases due to extended excitonic lifetimes with more discrete charge confinement. 18 In Figure 5 , PL lifetimes of ZnO-CdS QDs increase as the CdS shell becomes thicker, and the excitonic lifetime of core-shell QDs with the thickest shell is at least 100 times greater than the neat type I ZnO QD with a lifetime of 1 ns. If the resulting QD is not the core-shell NP, the NP is the type I QD, and its PL lifetime becomes short. However, the excitonic PL lifetime of our QD is on the order of 100 ns; this long lifetime strongly indicates that this NP is the type II QD with a staggered band alignment between the core and shell. Then, the only possible structure for the resulting NP to have the type II characteristics is the hybrid one with ZnO as the core and CdS as the shell. This is also supported by the red shift of the PL peak with an increase in shell thickness as discussed above. It is unlikely that this slow PL lifetime is caused by a defect of the shell because the lifetime changes as a function of shell thickness. This observation of the much longer PL lifetimes of ZnO-CdS QDs also eliminates the possibility that these QDs are alloy of ZnO and CdS with the homogeneous hexagonal crystalline structure because the alloy cannot have the type II characteristics, and then the lifetime should have been as fast as the type I QDs.
Conclusion
The ZnO-CdS type II core-shell QDs were synthesized at relatively low temperature. All HRTEM images, ED patterns, and EDX spectra suggest that these QDs have a heterogeneous ZnO core-CdS shell structure, and analysis from UV-vis absorption spectra, PL spectra, and PL lifetime measurements firmly confirm that these core-shell ZnO-CdS QDs possess the type II band structure offset. The spatial electron-hole separation between the core and shell, greatly enhanced by the type II band structure offset in the ZnO-CdS QD heterostructures, results in the extremely long exciton lifetime. These type II ZnOCdS QDs can be excited and detected in the visible range, and therefore, these QDs with such long exciton lifetimes could have an advantage to be applied in the fields of photoluminescent markers, medical imaging, photonics, solar cells, nanoelectronics, and biosensors. 
